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Measurements were carried out on samples made at the Microelectronic Research Center at Iowa State University. Hydrogen profiled nano-crystalline silicon samples and amorphous samples were made in a VHF-PECVD reactor. ITO was deposited using RF sputtering to serve as the top contact.
Defects for amorphous silicon were shown to be Gaussian approximately .7 eV below the conduction band, on the order of 10 15 -10 16 cm -3 depending on deposition.
This agrees with both external a-Si measurements and C-V defect measurements.
Defects in nano-crystalline silicon were studied as a function of oxygen present in the material. Five different depositions were carried out with varying amounts of oxygen (0, 9, 18, 27, and 36 sccm). The defect densities of each device were then measured. A large increase in defect densities corresponding to an increase in oxygen content is shown. Thus it is critical to minimize oxygen contamination during device fabrication.
This measurement technique is detailed for the first time on amorphous and nanocrystalline silicon. Through extensive de-noising procedure it produces results with greater accuracy than previous attempts. It provides an excellent non-destructive look at the defect profile of a solar cell and can easily be applied to other photovoltaic materials such as organics. Nuclear, haunted by the memories of Three Mile Island and Chernobyl, fails to garner any public support. Our nuclear infrastructure is aging, with every American plant at least 27 years old and ground broken on only two new plants [3] . Wind has shown excellent potential to ease demand, yet it is currently propped up by federal credits set to expire in 2012 [4] . If they expire, the cost per megawatt-hour will approximately double as compared to plants installed before the expiration [4] . This leaves the uncertain future of wind at the hands of an increasingly cost-conscious government. Other green technologies -tidal, geothermal, etc. -can make contributions to our energy needs, but each has problems of its own and none can approach the large quantity of energy needed.
It appears that solar will play one of the largest parts in our future energy portfolio. With over 120,000 terawatts of sunlight falling on the earth, capturing but a sliver of that energy would significantly ease energy demand and reduce our carbon footprint. Solar does suffer from several drawbacks, the most prominent being cost and efficiency.
Intelligent research, however, can reduce the cost of solar cells and boost their efficiencies, allowing them to be cost effective with traditional power sources. with their own positives and negatives as shown in Table 1 
Amorphous and Nano-crystalline Silicon Thin Film Solar Cells
Traditional crystalline solar cells are built using a p-n junction. Due to their crystalline nature, they tend to have long diffusion lengths, allowing for excellent carrier capture across long distances. Amorphous and nano-crystalline silicon lack this longrange order, however. Carrier collection becomes a non-trivial issue. To solve this, engineers created a p-i-n structure. Intrinsic (undoped) silicon is placed between the traditional p and n layers, allowing the electric field created by the junction to be spread The system is first pumped down to below .5 µT to remove any possible contaminants. For both nc-Si and a-Si cells, the n+ bottom layer is deposited first, using For a single trap at a given energy level, four possible transitions are possible:
electron capture, electron emission, hole capture, and hole emission [8] . It can easily be shown that for a single level trap the rate of recombination R can be written as
where n and p are the carrier concentrations and τ is the minority carrier lifetime. If we further assume low level injection, the recombination simplifies down to
for p-type material. Recombination is controlled by the number of excess minority carriers available to recombine in a region, and is inversely proportional to the lifetime, that is, the average time a charge lasts before recombining. In a solar cell, the number of excess carriers is fixed for a given light intensity, so effort must be taken to improve the lifetime.
Measured Defects in nc-Si
As shown above, minority carrier lifetimes are a critical photovoltaic parameter.
One of the major contributors to decreased lifetimes is trap states. A study using reverse recovery transients clearly showed that increased defects led to decreased lifetimes [14] in nc-Si. This result is detailed in Figure 2 -2. Further, it was shown that defects are on the order of 10 15 cm -3 , depending on deposition conditions. In 2005 our group showed a direct relation between the doping levels in nc-Si and the calculated defect density [16] . The results are shown in Figure 2 -3. Doping the material clearly creates large number of trap states. Though this was doped using phosphorus or boron, the same results apply to oxygen contamination, which is effectively a dopant. Hugger, Cohen, et al studied the effects of excess oxygen in nc-Si [15] . They found that oxygen contamination greatly increased the deep defects within the sample.
This agrees with measurements, as oxygen tends to form midgap states (see Figure 2 -1).
They found that oxygen contamination could increase deep defects up to an order of magnitude, destroying device performance (Figure 2-4) .
Hugger also demonstrated the presence of trap states approximately near midgap [18] . He offered a model for the optical absorption of these states that varied based upon the crystalinity of the sample. Highly crystalline materials tend to absorb at about .6 eV, while less crystalline would tend towards 1.2 eV (Figure 2 -5). 
Characterization Methods

C-V Measurements
It can easily be shown that
for a p+n junction where V R is the applied reverse biased voltage. By plotting (A/C) 2 versus voltage and extracting the slope, we can calculate the charge in the region, N SCR.
Kimerling studied the effects that defects would have on this measurement [12] . He 
Differential Capacitance Measurements
Capacitance versus frequency measurements allow for a in-depth study of defect profiles, as pioneered by Walter [13] . The lower in the bandgap a trap is, the longer it takes to emit its electron, assuming constant attempt to escape frequency (Figure 3-3) .
From basic carrier conservation, the capacitance contribution of a single trap state can be calculated. After integration over energy and space, the number of traps can be solved for
where U d is the built in voltage, w is the width of the i-layer, k is Boltzmann's constant and T is the temperature in degrees Kelvin. E ω is the energy at which traps can respond to a given frequency, defined as
where ν is the attempt to escape frequency of the material.
Taking into account how the AC signal changes over the junction, a more accurate equation can be written 
Measurement Parameters
Measurement Set-Up
The measurement stage was built in house by the author and is shown below. The stage (1) The Quadtech uses the equivalent circuit in Figure 4 -2 to measure circuits, using the equation
Noise Considerations
Capacitance measurements suffer from noise, particularly at low frequencies.
Because this method requires taking the derivative of a capacitance curve, small noise in the capacitance causes quite noisy data in trap densities. Therefore, all efforts must be taken to reduce noise as much as possible. This will be done through two methods:
minimizing the noise in the measurements and de-noising the data upon calculation.
Measurement Noise
As discussed above, the setup was constructed to minimize noise at every juncture of the measurement. However, the electrical settings of the Quadtech must be optimized as well. Noise is quantified in the following manner. A nc-Si sample was loaded onto the stage. Ten measurements of its capacitance value were taken in rapid succession. The coefficient of variation of these samples is then calculated. The coefficient of variation is defined as the ratio between the standard deviation of the sample to the mean, that is
where σ is the standard deviation of the samples and µ is the mean of the samples.
Essentially, the coefficient of variation is a normalized standard deviation that allows for comparison of noise even when the capacitance value changes, such as across different frequencies. It will be expressed as a percentage for this document. Unless otherwise stated below, measurements were taken at the following parameters: room temperature, 20 Hz frequency, 0V DC bias, 100mV AC measurement voltage, and 0 second delay before measurements. 20 Hz was selected because this is the typical frequency regime of high noise.
Before electrical profiling began, the probes were tested. It was found that several days of heavy operation would cause a great increase in noise. The sample was measured as described above. The probes were then gently cleaned with a KimWipe and isopropyl alcohol to remove any particles from their surface. The sample was immediately remeasured. The results can be found in Next, the electrical properties of the Quadtech LCR meter were profiled. Only the results will be presented here. First, frequency effects were studied. Because of the necessity of varying frequency for the measurement, this is not a true optimization. It is critical, however, to understand how the noise affects the measurements. It is immediately clear from Figure 4 -3 that noise is inversely proportional to the frequency. This is bad news for our measurements -the most important data (that is, deep traps) comes from low frequency measurements. Thus we must take great care to reduce the noise in the measurement.
Perhaps the most important electrical property is the AC signal voltage. This is the value of the small AC voltage applied to the sample in order to carry out the measurement. Too low of a value makes detecting changes difficult, while too large of a value can cause unwanted effects as the small signal regime is left. This is clearly shown Finally, increasing the delay before measurements showed no appreciable effect on noise.
Wavelet De-noising
The development of wavelet de-noising of C-f was mainly done by Shantan Kajjam, however it bears brief mentioning here. Traditional de-noising is done through the use of a high pass filter. Because it removes high frequencies indiscriminately, it often removes interesting information that we would like to keep. Rather than breaking a signal into sin waves of varying frequency, a wavelet transform breaks a signal into wavelets of different scales (Figure 4-6 ). This process has several advantages over traditional Fourier transforms. The most significant for our application is that it can denoise a sample without losing high frequency data through a process called thresholding.
This discards only the details exceeding a user-set limit, allowing for de-noised signals that maintain their sharp high frequency peaks [9] .
An example of a de-noised trap density is given in Figure 4 -7. All de-noising was done with the wavelet toolbox in MATLAB. Interested readers are referred to [9] . Though this technique is quite useful for noisy data, advances in measurement noise reduction have generally reduced the noise to an acceptable level. Therefore, unless otherwise stated, results in this document will not have been filtered. Even though less data is lost through this process, filtering inevitably reduces the quality of the results. It is this author's belief that so long as the results are relatively noise-free that they be presented as is to endow as full an understanding as possible upon the reader. 
Results and Analysis
Trap Density in Crystalline Silicon
Before studying non-crystalline materials, a check of the measurement strategy must be made. To do so, crystalline silicon was measured to serve as a baseline. Because of the crystalline nature of the material, trap levels should be exceedingly low. The measured capacitance as a function of frequency is shown in Figure 5 Thus it is observed that crystalline silicon has extremely low trap densities, as should be the case. It is important to note that the noise in the sample actually caused the trap density calculations to increase by a factor of 2. The reason is immediately clear when one compares the derivative of the function and the trendline.
Trap Density in Amorphous Silicon
Capacitance-frequency measurements were taken at six temperatures for 2-14758, a chemically annealed amorphous silicon sample. The higher temperature allowed for Integrating this Gaussian over the bandgap gives a trap value of N t = 1.35 * 10 16 cm -3 .
Low frequency C-V measurements calculated a deep trap density of 1.2 * 10 16 cm -3 . Thus we see excellent agreement between C-V and C-f measurements, and the discrepancies are within experimental error.
We observe that the measured value for trap densities is three orders of magnitude higher than that for crystalline silicon. This is inherent in the nature of the material. The midgap states are created by the dangling bonds that constitute the material's amorphous nature. 
Trap States in Nano-Crystalline Silicon
Capacitance -frequency measurements were taken at various temperatures for five different nano-crystalline silicon samples. One sample was created as described above. The next four were created in the presence of oxygen in order to study its effects.
They were created at 9, 18, 27, and 36 sccm, respectively. The trap density was then measured for each sample and can be found in Figure 5 Thus it is observed that increased oxygen greatly increases the defect density of nc-Si devices, and therefore harms the performance. These agree very well with both internal [14] and external [15] This method allows for complete understanding of traps in semiconductor materials. It agrees well with both internal and external measurements and calculations. It is non-destructive and can easily be used as a diagnostic tool for device analysis, using only commonly available components. It is certainly a valuable tool to any photovoltaic designer who implements it.
